Study Design. A retrospective clinical data analysis. Objective. To investigate the factors related to postoperative neurological deficits after nerve root resection in the treatment of spinal intradural schwannoma. Summary of Background Data. Neurological deficits could be observed after resection of tumor-involved nerve roots in spinal intradural schwannoma. Thus, it is important to find the factors related to postoperative neurological deficits. Methods. Clinical and pathological data were selected from patients underwent total resection of the solitary spinal intradural schwannoma from T11 to S. Patients were divided into the postoperative neurological deficits positive group (PND group, n ¼ 12) and negative group (non-PND group, n ¼ 52). Clinical features including age, sex, duration of disorders, diabetes, preoperative visual analogue scale (VAS) and SF-36 score, preoperative symptoms, tumor size, tumor location, and immunostaining results were analyzed. Results. Age, sex, duration of disorders, diabetes, preoperative VAS and SF-36 score, tumor length, and tumor-occupied ratio were not significantly different between the two groups (P > 0.05). Lower extremity pain, sensory disturbance, and motor disturbance were found in 25.0%, 50.0%, and 75.0% of patients in the PND group and 76.9%, 17.3%, and 7.7% of patients in the non-PND group, respectively, and the results were significantly different (P < 0.05). The rate of postoperative neurological deficits was higher when the tumor was located in the thoracolumbar junction (T11-L2) than other segments (L2-S; P ¼ 0.009). For immunostaining study, CD34-positive rate was significantly different between the two groups (P ¼ 0.013). Conclusion. The absence of preoperative lower extremity pain, presence of sensory and motor disturbances, and tumor location in the thoracolumbar junction (T11-L2) are the predictors of postoperative neurological deficits. Age, sex, duration of the disorders, diabetes, preoperative VAS score, preoperative SF-36 score, tumor length, and tumor-occupied ratio are not related to postoperative neurological deficits. On immunostaining of tumors, CD34-negative results are related to the development of postoperative neurological deficits.
S
pinal schwannomas are one of the most common spinal tumors encountered by spine surgeons. [1] [2] [3] Total excision of the tumors, including the tumorinvolved nerve roots, is a routine surgical technique. 4 Although the incidence of neurological deficits after resection of tumor-involved nerve roots is not very high, [5] [6] [7] [8] spinal schwannomas are usually located where the nerve roots dominate the upper and lower extremities, 6, 7, 9 and permanent motion disorders develop in some cases. 10 According to previous studies, age, preoperative neurological deficits, duration of the disorders, tumor location, tumor size, and schwannoma type (Eden classification) may be the predictive factors. 2, [4] [5] [6] [10] [11] [12] Results across the literature, however, are inherently challenging given the heterogeneity in tumor location and type, 4, 13 and lack of statistical proof. 2 Therefore, strict inclusion criteria and statistical comparison are necessary. The purpose of this study was to identify factors that affect postoperative neurological deficits in patients who undergo total resection of intradural spinal schwannomas located below the thoracolumbar junction.
Between November 2005 and November 2014, 151 patients with a solitary spinal schwannoma underwent resection of the tumor in our department, of whom 95 were diagnosed with schwannomas below the thoracolumbar level (range, T11-S). Among these 95 patients, 15 were diagnosed with dumbbell schwannomas and 13 were underwent tumor resection with nerve root preservation. Three patients dropped out during follow-up. Finally, 64 patients (30 men and 34 women) who underwent total resection of the tumor and affected nerve root were included in this retrospective study. Their mean age at surgery was 47.8 years (range 18-80 years). The mean follow-up period was 29 months (range 6-107 months).
Data Selection
Age, sex, diabetes, preoperative visual analogue scale (VAS) score, preoperative short form-36 (SF-36) questionnaire results, preoperative symptoms, duration of the disorder, the located tumor segments, and immunostaining data of tumor tissue sections, including cytokeratin (CK), vimentin, S-100, desmin, Ki-67, neurofilament (NF), CD34, CD68, and smooth muscle actin (SMA), were retrospectively collected from medical records. Tumor length was measured depending on the longest axis during surgery. The tumoroccupied ratio was calculated on magnetic resonance image by using the image-analysis software (Image J; Wayne Rasband, National Institutes of Health) as follows: (maximum tumor area in cm 2 )/(intradural space area in the same section in cm 2 ) Â 100 (%). 4 Three experienced spine surgeons measured these areas independently, and the mean value was calculated. The tumor was localized according to the horizontalis midline of the vertebrae.
14 Preoperative neurological deficits were determined based on sensory, motor, and vesicorectal disturbances. Postoperative neurological deficits were defined as sensory disturbance and vesicorectal impairment that newly occurred or worsened after surgery, or motor function disturbance that newly occurred or worsened as determined on the manual muscle test compared with the preoperative condition. 4 Patients were divided into two groups as follows: a group whose postoperative neurological deficits occurred after surgery and persisted for at least 6 month (postoperative neurological deficits [PND] group) and a group whose neurological function were not affected or recovered by root resection (non-PND group).
Statistical Analysis
Results are reported as mean AE standard error. The comparison of the preoperative sensory disturbance was evaluated by using the x 2 test. The comparison of sex, diabetes, preoperative lower extremity pain, preoperative motor disturbance, tumor location, and immunostaining results (CK, vimentin, S-100, desmin, NF, CD34, CD68, and SMA) between the two groups were evaluated by using the Fisher exact test. The comparison of preoperative VAS score, tumor length, and duration of the disorders between the two groups were evaluated by using the Mann-Whitney U test. The comparison of age, preoperative SF-36 score, tumor-occupied ratio, and Ki-67-positive rate for immunostaining between the two groups were evaluated by using the independent samples t test. A P < 0.05 was considered significantly different.
RESULTS

General Conditions
Of the 64 included patients, postoperative neurological deficits occurred after surgery and still existed in 12 patients for at least 6 months (PND group), and the neurological function were not affected by nerve root resection in the other 52 patients (non-PND group). The results of the comparison of the general conditions between the two groups are presented in Table 1 . Age, sex, diabetes, preoperative VAS score, and SF-36 score were not significantly different between the two groups (P > 0.05).
Preoperative Symptoms
The results of the comparisons of preoperative symptoms and duration of disorders between the two groups are presented in Table 2 . Lower extremity pain, sensory disturbance, and motor disturbance were found in three (25.0%), six (50.0%), and nine (75.0%) of the 12 patients in the PND group and in 40 (76.9%), nine (17.3%), and four (7.7%) of the 52 patients in the non-PND group, respectively. The difference was statistically significant (P ¼ 0.001, P ¼ 0.016, 
Tumor Size
The results of the comparison of tumor size between the two groups are presented in Table 3 . The tumor length was 2.6 AE 0.4 cm in the PND group and 2.0 AE 0.1 cm in the non-PND group (P ¼ 0.083). The tumor-occupied ratio was 71.5% AE 2.3% in the PND group and 68.2% AE 2.0% in the non-PND group (P ¼ 0.446). The results were not significantly different.
Tumor Location
The correlations between tumor location and postoperative neurological deficits are presented in Table 4 . Four (57.1%) of seven patients had postoperative neurological deficits when the tumor was located in T11-T12. The proportions were 33.3% (3/9), 21.45% (3/14), 0% (0/16), 20.0% (1/5), 0% (0/10), and 33.3% (1/3) when the tumors were located in T12-L1, L1-L2, L2-L3, L3-L4, L4-L5, and L5-S, respectively. The rate of postoperative neurological deficits was higher when the tumor was located in the thoracolumbar junction (T11-L2) than when the tumor was located in other segments (L2-S; P ¼ 0.009).
Immunohistochemical Staining
On immunohistochemistry, the schwannomas in both groups were CK negative, vimentin positive, S-100 positive, and desmin negative. The Ki-67-positive cell rate was 4.1% AE 0.8% in the PND group and 3.2% AE 0.5% in the non-PND group (P ¼ 0.348). Three cases (25.0%) in the PND group and seven cases (13.5%) in the non-PND group showed positive staining for NF (P ¼ 0.391). Six cases (50.0%) in the PND group and 31 (59.6%) cases in the non-PND group showed staining for CD68 (P ¼ 0.543). Four cases (33.3%) in the PND group and 20 cases (38.5%) in the non-PND group showed staining for SMA (P ¼ 1.000). No statistical differences were observed between the two groups. Four cases (33.3%) in the PND group and 35 cases (67.3%) in the non-PND group, however, showed staining for CD34, and the difference was statistically significant (P ¼ 0.048; Table 5 ).
DISCUSSION
The cause of neurological deficits that occur after the resection of tumor-involved nerve roots in the treatment of spinal intradural schwannomas is complicated. In this study, we used strict inclusion criteria for these cases in order to obtain specific results. Generally, the growing space of dumbbell schwannomas, which is different from that of intradural masses, is relatively narrow inside the nerve root sheath through the intervertebral foramen. 13 Furthermore, the anatomical relationship of schwannomas with the dural sac and intervertebral foramen varies depending on the vertebral level where the tumor is located. 13 Moreover, intradural tumors near the cauda equina and conus could affect the function of both tumor-involved and adjacent rootlets, distinguishing from tumors located in the cervical and thoracic spinal canals. Therefore, this study only included spinal intradural schwannomas located below the thoracolumbar junction.
Correlation Between the General Conditions and Postoperative Neurological Deficits
The risk of persistent deficits after root resection may vary with age. According to Miura et al, 11 patient age more than 40 years was related to severe motor deficit soon after nerve root resection. Kim et al 5 found that a slight radicular deficit of the divided nerve root occurred in only one of 10 patients younger than 40 years but in six of 21 patients older than 40 years. Yamane et al 12 noted that permanent neurological deficits occurred in 14% of younger patients (<40 years) and in 38% of older patients (>40 years). Patient age, however, was not the factor that affected postoperative neurological deficits in this study, and the different location and classification of the tumor might be one of the reasons. Although diabetes could lead to coexisting diabetic neuropathy and microvascular disease that affects the spinal nerve roots, 15 no effect on postoperative neurological deficits was found in our study. Moreover, the preoperative VAS and SF-36 scores in the patients with postoperative neurological deficits were not significantly different from those in the patients without postoperative neurological deficits. Therefore, all the above-mentioned factors indicated no significant difference in baseline values between the two groups.
Correlation Between Preoperative Symptoms and Postoperative Neurological Deficits
In the present study, the presence of lower extremity pain and absence of sensory and motor disturbances before surgery were predictors of good neurological recovery.
According to the compensation theory, when the tumorinvolved nerve root is compressed gradually by tumor growth, functional compensation from neighboring roots may gradually prevail. 6, 16 Lot and George 17 found only minor deficits was investigated if the stimulation of the root distal to the tumor induced no response. Kaneko et al 18 demonstrated that when cervical schwannoma-involved nerve roots were less or no function as evaluated by intraoperative electromyography, neurological deterioration caused by total tumor resection was rare. Intradural tumors, however, may not only affect the tumor-involved root but also stimulate surrounding nerve roots according to the anatomy and the fact that pain develops more frequently in intradural tumors than in dumbbell tumors. 13 Even though the compensation from neighboring roots is in progress, the organic damage to adjacent roots also progresses if the tumor has not been removed, causing pain and resulting in muscle weakness and sensation disorders. As a result, motion and sensation disorders may not be relieved even though the tumor is removed by surgery. Therefore, preoperative lower extremity pain, which has not been studied before, might be a predictor of an early-phase damage and good recovery. Preoperative sensory and motor disturbances, however, might be suggested as causes of non-released postoperative neurological deficits. In the 
experience of Celli, nerve root function aggravated in one of 23 patients with clinically normal neurological function before surgery and in one of four patients with preoperative radicular weakness. 2 Our study provided statistical evidence that preoperative sensory and motor disturbances were correlated with postoperative neurological deficits.
At the early period of tumor growth, patients are always asymptomatic, so the duration of the disorder does not totally reflect the period of tumor growth. Satoh et al 4 reported that the mean duration of the disorder in patients with postoperative neurological deficits was not statistically different compared with that in patients without postoperative neurological deficits, which was similar to our results. We still, however, observed a trend that long duration of the disorders may suggest nonreleased neurological deficits after surgery in our study, and it may partly support a time-dependent damage to adjacent nerve roots as mentioned earlier.
Correlation Between Tumor Location and Postoperative Neurological Deficits
In the present study, the rate of postoperative neurological deficits was higher when the tumor was located in the thoracolumbar junction (T11-L2). Depending on the anatomy, the intradural rootlets originate from the conus, where the rootlets are concentrated and are easily damaged by compression. Even though the function of the tumorinvolved rootlet could be compensated by other rootlets, the tumor might compress neighboring rootlets at the same time, leading to a nonreleased symptom. The surgical outcome, however, was quite different when the tumor was located below L2, where the roots are relatively sparse.
Correlation Between Tumor Size and Postoperative Neurological Deficits
Hasegawa et al 19 observed that the nerve root underwent repeated degeneration and regeneration during slow schwannoma growth, and its function was substituted by the other nerve roots. In other words, when the tumor size is bigger, the duration of the functional substitution may be longer and the risk of postoperative neurological deficits after resection of the affected nerve root may be lower. In the present study, however, neither tumor length nor tumor-occupied ratio was related to postoperative neurological deficits. Satoh et al 4 demonstrated no significant correlation between postoperative neurological deficits and maximum tumor size or tumor-occupied ratio in patients with spinal schwannomas. The results supported ours, indicating that the duration of tumor growth is not related to tumor size. The reason may be that the speed of tumor growth is not constant. Even though the tumor is small, it may exist for quite a long time. Moreover, for intradural tumors, the location is not fixed. Although a tumor is large, it might not cause effective compressive damage to adjacent rootlets. Therefore, neither tumor length nor tumor-occupied ratio should be a predictor of neurological deficits after surgery.
Correlation Between Immunostaining of Schwannomas and Postoperative Neurological Deficits
In the immunostaining of the schwannomas, the prevalence of NF-positive cases was 25.0% in the PND group and 13.5% in the non-PND group. NF is a marker of neurons, and our result indicated that functional nerves might still exist in tumor-involved roots in patients with postoperative neurological deficits, suggesting an insufficient compensation. No statistically significant difference, however, was observed in the present study. Moreover, 33.3% of the cases in the PND group and 67.3% of the cases in the non-PND group showed staining for CD34, and the result was significantly different. CD34 defined a normally occurring population of dendritic cells within the endoneurium of peripheral nerves, which is distinct from fibroblasts and conventional Schwann cells. 20 Hirose et al 21 demonstrated that CD34 might be expressed by endoneurial fibroblasts. Khalifa et al 22 reported that CD34-positive cells in peripheral nerve sheath tumors may be non-neoplastic and have a supportive function. In our study, CD34-positive cells in schwannomas may be a predictor of good recovery after surgery. The mechanism, however, still needs further study.
Although the present study had relatively strict inclusion criteria, indistinctive baseline values, and statistical proof, limitations still existed. First, although some results in this study were statistically significant, the number of patients in the PND-group was relatively small. Second, intraoperative electromyography was not performed in our study. As a result, the root function could not be evaluated exactly. Third, the follow-up time for some of the patients was not long enough to confirm whether a recovery of nerve function was in progress. Despite these limitations, the present study provided important proof for the factors related to postoperative neurological deficits.
CONCLUSION
Among clinical features, the absence of preoperative lower extremity pain, presence of sensory and motor disturbances, and tumor location in the thoracolumbar junction (T11-L2) were the predictors of postoperative neurological deficits. Age, gender, duration of the disorders, diabetes, preoperative VAS score, preoperative SF-36 score, tumor length, and tumor-occupied ratio, however, were not related to postoperative neurological deficits. On immunostaining of the tumors, CD34-negative results were related to the development of postoperative neurological deficits.
Key Points
The absence of preoperative lower extremity pain, presence of sensory and motor disturbances, and tumor location in the thoracolumbar junction (T11-L2) are the predictors of postoperative neurological deficits.
Age, gender, duration of the disorders, diabetes, preoperative VAS score, preoperative SF-36 score, tumor length, and tumor-occupied ratio are not related to postoperative neurological deficits. CD34-negative results are related to the development of postoperative neurological deficits.
